A human papillomavirus type 1 (HPV-1)/pBR322 recombinant plasmid was constructed consisting of two complete HPV-1 genomes in a head-to-tail arrangement, inserted into the BamHI site of pBR322. To obtain established human keratinocytes carrying dimeric HPV-1, origin-minus simian virus 40 (SV40) DNA was used as a dominant transforming marker in co-transfection experiments performed with cultured human foetal keratinocytes. Using the Southern blotting technique, HPV-1 DNA was detected in one out of five SV40-transformed human keratinocyte cell lines which were obtained in this way. Further blotting experiments using SV40, pBR322 and HPV-1 DNA as probes revealed patterns of hybridization which were consistent with co-integration of SV40 DNA with between two and four copies of the HPV-1 genome. The HPV-1 sequences in this cell line were virtually non-methylated and were transcribed at a lower level than SV40 mRNAs in the same cultured cells. A low level of monomeric HPV form I DNA was detected by blotting of undigested total cellular DNA. No evidence for a stimulation of form I HPV DNA replication could be obtained by blotting analysis of total DNA extracted from keratinizing cysts, which were formed by subcutaneous inoculation of these cells into nude mice.
INTRODUCTION
Human papillomavirus type 1 (HPV-1) induces plantar and palmar warts in man (zur Hausen, 1977; Orth et al., 1977) . These are benign tumours consisting of hyperproliferation of the epidermis which is characterized by hyperkeratosis, acanthosis and papillomatosis. As with the Shope (rabbit) papillomavirus (Orth et al., 1971 ; Noyes & Mellors, 1957) , vegetative HPV-1 DNA replication and synthesis of HPV-1 structural proteins occur solely in some of the keratinizing cells of warts and not in the proliferating basal cells. This has been demonstrated using in situ hybridization techniques to locate viral DNA in sections of wart tissue (Orth et al., 1977) , and through localization of the viral structural proteins by immunofluorescent or immunoperoxidase staining of warts using antisera to purified virus particles (Walter et al., 1965; Jenson et aL, 1980) . The viral DNA was located exclusively in cells within the stratum granulosum, and the viral capsid proteins were found only in the stratum granulosum and in the stratum corneum. Warts therefore seem to comprise a mixed cell system consisting of nonpermissive basal epidermal cells and permissive keratinizing cells.
The precise mechanism by which papillomaviruses induce the formation of warts and the control of viral gene expression and replication within the epidermis of these tumours is not understood. It has previously been suggested (Orth et al., 1977) that the basal cells of warts contain a small number of papillomavirus genomes (not detectable by in situ hybridization) which are either integrated into cellular DNA or which exist extrachromosomally. As yet, there have been no reports of integrated HPV DNA in human warts and papillomaviruses are generally believed to cause transformation of cells without integration of their DNA. For example, it has been reported by several groups of workers (Amtmann et al., 1980; Law et al., 0022-1317/83/0000-5650 $02.00 © 1983 SGM T.S. BURNETT AND P. H. GALLIMORE 1981 ; Lancaster, 1981 ; Moar et al., 1981 ; Pfister et al., 1981) that fibroblasts transformed in vitro or in vivo by bovine papillomavirus types 1 or 2 contained only extrachromosomal viral DNA. Moreover, La Porta & Taichman (1982) have recently demonstrated that HPV-1 DNA can persist extrachromosomally in cultured human keratinocytes, albeit without any apparent morphological transformation of the cells or permissive virus replication. On the other hand, integrated Shope papillomavirus DNA has been reported to occur in some rabbit warts (Wettstein & Stevens, 1982) so that, in some cases, transformation via integration of the viral DNA cannot be entirely ruled out.
Our paper describes the construction of a dimeric HPV-1 recombinant plasmid, its introduction into human keratinocytes using simian virus 40 (SV40) DNA as a dominant selectable marker, and experiments designed to test the effect of increased keratinization of these cells upon viral DNA replication.
METHODS
Purification of viral DNA and construction of recombinant molecules. A single excised plantar wart (0.5 g wet weight) was minced with a scalpel blade, suspended in 5 ml of lysis buffer (10 mM-Tris-HC1 pH 8.0, 1 mM-EDTA, 0.5~ SDS, 500~tg/ml proteinase K) and incubated at 37 °C overnight. This was followed by three phenol extractions and then two extractions with chioroformNsoamyl alcohol (24:1, v/v). Sodium chloride was next added to a concentration of 0-2 M and the nucleic acid precipitated overnight at -35 °C with 2 voL ethanol. The DNA was pelleted at 10000 rev/min in a Sorvall SS34 rotor and redissolved in 10 ml 10 mi-Tris-HCl pH 8-0, i mM-EDTA (TE). Caesium chloride and ethidium bromide were then added to concentrations of 1.58 g/ml and 200 o-g/ml respectively and the sample was centrifuged at 40000 rev/min for 60 h in an SW40Ti ultracentrifuge rotor. Supercoiled (lower band) viral DNA was visualized with u.v. light and removed from the tube by sidepuncture with a syringe. Caesium chloride and ethidium bromide were then removed by dialysis against TE followed by phenol extractions and a final ethanol precipitation of the DNA.
The purified viral DNA (1 I~g) and pBR322 (1 ~tg) were linearized with BamHI, mixed and ligated in 10 Ixl of ligation mix (50 mM-Tris HCI pH 7.8, l0 mM-MgC12, 1 mi-dithiothreitol, 1 mM-ATP, 4 x 104 units/ml T4 DNA ligase (New England Biolabs) for 14 h at 15 °C. Two ~tl of this mixture was used to transform CaClz-treated Escherichia coli X1776 to ampicillin resistance (amp r) as described by Goodman & MacDonald (1979) . Tetracycline-sensitive (tets), amp r clones were screened for the presence of HPV-1 recombinant plasmids by agarose gel electrophoretic analysis of BamHI-cleaved plasmid DNAs. Positive clones were grown in 1 litre of Z medium (Goodman & MacDonald, 1979) , the bacteria were lysed and plasmid DNA was purified by caesium chloride-ethidium bromide centrifugation essentially as described above. Twenty btg of the purified HPV-1/ pBR322 recombinant plasmid was digested to completion with BamHI and re-ligated in 10 btl of ligation buffer. After re-transformation of X1776, tet s clones were analysed by agarose gel electrophoresis for the presence of plasmids containing large inserts. Plasmid DNA was then prepared from bulk cultures of three such clones and subjected to restriction enzyme analysis to determine the nature and orientation of the inserted fragments.
Preparation of total cellular and cyst DNA, and blot hybridization. Tissue culture cells, or excised nude mouse cysts (see below), were dissolved in lysis buffer overnight, extracted with phenol and chloroform, and then ethanolprecipitated as described above. The dried nucleic acid pellet was redissolved in TE and treated with RNase A (50 ~tl/ml) for 4 h at 37 °C. Proteinase K and SDS were then added to concentrations of 500 ~tg/ml and 0.5~ respectively, and each sample was incubated overnight at 37 °C followed by further phenol and chloroform extractions and a final ethanol precipitation. Total uncleared cellular or cyst DNA, or DNA which had been digested with a fivefold excess of the indicated restriction enzymes was subjected to electrophoresis in 0.7 or 0-8 agarose gels. Specific sequences were detected by Southern blotting (Southern, 1975) using nick-translated HPV-1, SV40 or pBR322 probes as indicated in the figure legends. 32p-labelled DNA was prepared using the method of Rigby et al. (1977) . The HPV-1 DNA used for nick-translation had been purified from the recombinant plasmid (with the exception of Fig. 1) after BamH! cleavage, by electrophoresis on low melting point agarose gels.
Hybridizations were performed overnight in the presence of dextran sulphate (10~o) and the filters were then washed for 4 h in 0-2 × SSC, 0.5~ SDS at 65 °C (20 × SSC = 3 M-NaCI, 0.3 M-sodium citrate).
Preparation ofmRNA and Northern blotting. Polyadenylated (poly A ÷) RNA was prepared from 20 confluent (9 cm) dishes of SVD-2 cells by a modification of the method described by Strohman et al. (1977) . The cell monolayers were rinsed three times with ice-cold saline and then scraped offthe dishes using a rubber policeman. The cells (in saline) were pelleted by centrifugation at 0 °C and dissolved in 10 ml of a mixture of 9.5 ml 6 Mguanidine hydrochloride and 0.5 ml 1 M-potassium acetate (pH 5.0). The viscous solution was sonicated to shear the DNA and the RNA was then precipitated by adding 5 m1100 K ethanol and storing at -20 °C overnight. The RNA was pelleted by centrifugation (10000 rev/min, 30 min, -10 °C, SS34 rotor) and redissolved in 5 ml guanidine/potassium acetate, followed by precipitation with 2.5 ml ethanol (1 to 2 h at -20 °C). This step was repeated once and the RNA pellet was then redissolved in ANE (10 mM-sodium acetate, 100 mM-NaC1, 1 mM-EDTA pH 7.4) containing 0.1% SDS, and extracted three times with an equal volume of ANE-saturated phenol : chloroform (1 : 1, v/v). Sodium chloride was then added to 0.8 M and the RNA was precipitated overnight at -20 °C with 2 vol. 100% ethanol. The RNA was pelleted, dried and redissolved in 5 ml of binding buffer (0.5 M-NaC1, 10 mM-Tris-HC1 pH 7.4, 0-1% SDS). The RNA solution was then passed twice through an oligo(dT)-cellulose column (Collaborative Research, Waltham, Mass., U.S.A. ; T2 cellulose, 1.5 ml column vol.). The column was washed with 20 ml of binding buffer and the bound RNA was eluted with 5 ml of elution buffer (10 mM-Tris HC1 pH 7-4, 0-1% SDS). The RNA was then ethanol-precipitated overnight and the washed and dried RNA pellet was redissolved in I00 p.I 10 mM-EDTA pH 7-4. Ten-gl samples were analysed by Northern blotting following electrophoresis through 1-2 % agarose-formaldehyde gels as described by Maniatis et al. (1982) .
The probes used for hybridization were prepared by nick-translation of pSV6-1 DNA or of an aliquot of the same HPV-1 preparation used in the Southern blotting experiments. The hybridization and washing conditions were identical to those used for the Southern blots.
Cultivation of normal and S V40-transformed human keratinocytes.
Human foetal keratinocytes were grown using conditions similar to those described by Rheinwald & Green (1975 , 1977 and Green (1978) . Foetal trunk skin was obtained from the back of an aborted 18 week-old female foetus and used to initiate epithelial cultures after disruption with collagenase and Dispase [0.5 mg/ml collagenase (Sigma), 0.75 units/ml Dispase (Boehringer)] at 37 °C for 1 h. Cells were grown in Dulbecco's modified Eagle's medium supplemented with hydrocortisone (0.4 ~tg/ml), cholera toxin (10-10 M), epidermal growth factor (EGF; 10 ng/ml), and foetal calf serum (20 %), in the presence of a feeder layer consisting of lethally irradiated mouse 3T3 cells. Second-passage cultures were used for transformation experiments when the keratinocyte colonies were 2 to 3 mm in diam. (approx. 5 × l0 s cells per 9 cm dish). Prior to transfection of the cells, the 3T3 feeder layer was removed using EDTA (Rheinwald & Green, 1975) . Ten pg HPV-1 dimer DNA or a mixture of 10 gg HPV-1 dimer andl gg pSV6-1 DNA [SV6-1 is an originminus mutant of SV40 (Gluzman et al., 1979) ] were used to transfect cells on each 9 cm dish. Transfections were carried out using the calcium phosphate technique of Graham & Van der Eb (1973) , with a 20% glycerol boost for 90 s at 4 h post-transfection. Cultures were then maintained in Joklik's medium (Joklik's modified Eagle's minimal essential medium; Flow Laboratories) containing hydrocortisone and cholera toxin at the above concentrations, and 10 % foetal calf serum. Transformed keratinocytes were picked and grown in Joklik's medium in the absence of a 3T3 feeder layer.
Purification of HPV-1 virions and infection of tissue culture cells.
Two plantar warts were seperately disrupted in 5 ml each of phosphate-buffered saline, using a Polytron homogenizer. Cellular debris was removed by centrifugation first at 5000 rev/min for 5 min and then at 10000 rev/min for 10 min. The supernatants from the second run were each adjusted to 1.34 g/ml caesium chloride and centrifuged at 45 000 rev/min overnight at 4 °C in an SW65 ultracentrifuge rotor. The virus bands were collected using Pasteur pipettes, dialysed extensively against TE pH 7.8, and stored at -70 °C prior to infection of tissue culture cells.
Dishes (9 cm) of confluent cells were infected with 0.5 ml of virus suspension (approx. 109 virus particles) for 4 h at 37 °C with occasional rocking of the dishes. The cell monolayers were then rinsed with sterile saline and 10 ml of fresh medium was added to each dish. The cells were then passaged once to obtain numbers of cells adequate for inoculation into nude mice.
Formation of epidermal cysts in nude mice. Cultured SV40-transformed keratinocytes were trypsinized and resuspended in F10 medium (without serum or antibiotics). Five million cells in 0-1 ml were injected subcutaneously into the backs of athymic (nude) mice. Cysts (typically 2 to 4 mm diam.) formed within 48 h and were removed for histology, or DNA extraction (see above), at weekly intervals. For histology, excised cysts were fixed in 1% glutaraldehyde followed by embedding in paraffin wax prior to sectioning. All sections were stained with haematoxylin and eosin.
RESULTS

Characterization and cloning of the viral DNA
The purified viral DNA was identified as HPV type 1 from a comparison with previously published restriction enzyme data (Gissmann et al., 1977; Danos et al., 1980) of the number and sizes of the fragments produced by digestion with several restriction enzymes. BamHi was found to cleave the viral DNA once and it was therefore used to clone the complete viral genome into the BamHI site of pBR322. A restriction enzyme map of the cloned DNA is shown in Fig. 1 (a) .
To confirm the identity of the cloned DNA as that of HPV-1, an aliquot of the purified viral DNA was nick-translated and hybridized to a nitrocellulose filter containing native and recombinant plasmid DNA which had been cleaved with various restriction enzymes (Fig. 2) . with restriction enzymes and subjected to etectrophoresis through a 0.8% agarose gel. The gel was blotted onto nitrocellulose paper and hybridized to a nick-translated native HPV-1 probe. Lanes 1 and 5 contain uncleared HPV-I and recombinant plasmid DN A respectively. Lanes 2 and 6, BamHI-cut viral and recombinant plasmid DNA respectively; lanes 3 and 7, BamHI plus EcoRI-digested viral and recombinant plasmid DNA respectively; lanes 4.and 8, BarnHI plus HindIII-digested viral and recombinant plasmid DNA respectively (two small HPV-1 BamHI/HindIII fragments have run offthe bottom of the gel). Fig. 3 . Restriction enzyme analysis of the cloned monomeric and dimeric HPV-I recombinant plasmids. Dimer and monomer plasmids were uncut (lanes 1 and 2 respectively) or were digested with BamHI, SstI and EcoRI (lanes 3 and 4, lanes 5 and 6, and lanes 7 and 8 respectively). Lane 9 contains EcoRI-digested adenovirus type 2 DNA as molecular weight markers, the sizes of which are indicated (in kilobases) at the side of the figure. IP : In order to circumvent the possible inactivation of the virus by the insertion of pBR322 D N A into its BamHI site, a dimeric HPV-1 recombinant plasmid was constructed (Fig, 1 b) . The structure of this D N A was apparent from an analysis of the fragments produced by digestion with the enzymes BamHI, SstI and EcoRI (Fig. 3) . Thus, cleavage of the dimer with BamHI gave an 8 kilobase (kb) viral fragment of double intensity when compared to BamHI-cut monomer D N A (Fig. 3, lanes 3 and 4) . The head-to-tail arrangement of viral genomes in the dimer was shown by the generation of a genome-length HPV-1 fragment after digestion with SstI (lanes 5 and 6). Finally, the relative orientations of HPV-1 and pBR322 in the monomer were found to be preserved in the dimer, as shown by the similarity of their EcoRI digestion products (lanes 7 and 8).
Establishment of human cells carrying HPV-1 DNA
As yet, we have been unable to demonstrate morphological transformation of cultured human foetal keratinocytes after transfection of cloned HPV-1 D N A or following infection of these cells with purified virus particles. Morphologically transforming SV40 D N A was therefore used as a dominant co-transfected marker for cells which might retain HPV-1 D N A . Thus, actively growing keratinocyte cultures were transfected with a mixture of pSV6-1 and HPV-1 (dimer) DNAs, Foci of small, mitotically active epithelial ceils (up to 2 per dish, five dishes) were apparent 2 to 3 weeks following transfection, and these were picked and grown in the absence of a 3T3 feeder layer. No such foci were observed in parallel cultures transfected solely with HPV-1 dimer D N A (five dishes) which were maintained as confluent cultures for up to 10 weeks posttransfection.
Total cellular D N A was isolated from five transformed cell lines (designated SVD-1 to SVD-5), digested with HpaII or EcoRI and analysed by blot hybridization using nick-translated SV40 (Fig. 4a) or HPV-1 (Fig. 4b) D N A respectively. Each cell line was found to contain the 3.0 kb pSV6-1 HpalI fragment corresponding to the entire transforming region of SV40 and one line (SVD-2) also contained HPV-1 sequences (Fig. 4b, lane 2) . 
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Blotting analysis of the HPV-1 sequences in SVD-2 cells
The presence of full length, tandemly repeated HPV-1 genomes in SVD-2 cells was suggested by the appearance of the characteristic 8 kb genomic HPV-1 fragment after digestion with BamHI, SstI and BglI (Fig. 5a, lanes 1 to 3; Fig. 5d, lanes 2 and 3) , which cleave HPV-1 only once (see Fig. 1 a, b) . By blotting of uncleaved SVD-2 DNA, a single high mol. wt. band was observed (Fig. 5d, lane 1) which co-migrated with the bulk of the cellular DNA. Recombination between the HPV-1 and SV6-1 plasmids was shown to have occurred by the detection of SstI and BglI bands which hybridized to HPV-1, SV40 and pBR322 probes (Fig. 5a, b and e respectively). Thus, an 18 kb SstI fragment and an 11 kb BglI fragment which hybridized to the HPV-1 probe (Fig. 5a, lanes 2 and 3) were also detected using SV40 (Fig. 5b, lanes 2 and 3) and pBR322 (Fig. 5c, lanes 2 and 3) probes. The SV6-1 and HPV-1 plasmids had therefore either cointegrated into SVD-2 cellular D N A or they co-existed in a large extrachromosomal structure. The former hypothesis was strongly supported by the presence of a 35 kb BamHI fragment which hybridized to the HPV-1 probe (Fig. 5a, lane 1) , but not at all to the SV40 and pBR322 probes (Fig. 5b, lane 1; Fig. 5c Using the isoschizomeric enzymes HpaII and MspI we examined the methylation of the H P V -1 genomes in SVD-2 cells, and in both native and cloned HPV-1 D N A . As previously reported by others (Danos et at., 1980) , native HPV-1 D N A was found to be partially methylated in about 5 0~ of the molecules (Fig. 5d, lanes 13 and 14) whereas the cloned HPV-1 D N A was nonmethylated (lanes 1 l and 12). The majority of the HPV-1 HpalI sites in SVD-2 cells were found to be non-methylated, as shown by the similarity of the HpalI and MspI digestion patterns (lanes 5 and 6). However, one HpalI site appeared to be completely methylated. This HpaH-resistant 14 kb fragment hybridized only weakly to the HPV-1 probe and therefore likely consisted only partly of HPV-1 sequences linked to some other (cellular or plasmid D N A ) sequences. The SV40
HpalI sites in SVD-2 D N A were not methylated as shown by the identical patterns obtained after cleavage with HpalI and MspI (Fig. 4a, lanes 3 and 7) .
Detection of free HPV-1 DNA in SVD-2 cells
By blotting analysis of uncut SVD-2 D N A , we detected a low level of free HPV-1 D N A (Fig.  6 , lane 2) with a mobility corresponding to that of form I viral D N A (Fig. 6, lane 1) . However, further characterization of this D N A was not possible due to its extremely low level in SVD-2 cells (estimated to be less than one copy per 20 cells). 
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Transcription of SV40 and HP V-1 sequences
To assess the extent of transcription of the HPV-1 and SV40 genomes in cultured SVD-2 cells, total cellular poly(A +) RNA was prepared and analysed by Northern blotting using either HPV-1 or SV6-1 probes (Fig. 7) . Two SV40 mRNA species were detected ( Fig. 7a ) with approximate sizes of 2300 and 2600 bases, representing the characteristic large (T) and small (t) mRNAs respectively. Several HPV-1 mRNA species were also detected (Fig. 7b) in the same SVD-2 RNA (ranging from approx. 1000 to approx. 3800 bases in length). As expected, these HPV-1 transcripts were not detected in total poly(A +) RNA extracted from SVD-1 or SVD-3 cells, or in total poly(A +) RNA extracted from normal cultured rat fibroblasts (data not shown). The HPV-1 mRNA species were present at much lower levels than the SV40 mRNAs in the same cultured cells.
In vivo properties of the cells:formation of keratinizing cysts
It has previously been shown that normal cultured keratinocytes differentiate in a manner resembling in vivo epidermis when inoculated subcutaneously into athymic (nude) mice (Doran et al., 1980) . Each of our SV40-transformed human cell lines formed similar keratinizing cysts (Fig. 8b, c) , whereas in tissue culture the cells grew as poorly differentiated keratinocyte monolayers (Fig. 8 a) . Following inoculation of SVD-2 cells into nude mice, cysts formed within 48 h and grew slowly up to a maximum size of 8 mm in diameter before finally regressing after a period which varied from 3 weeks to 3 months. The extent of keratinization of the cysts generally increased with time. Thus, a prominent granular layer had formed by 1 week (Fig. 8b) and by 3 weeks a well-developed stratum corneum was present (Fig. 8c) which usually continued to thicken until the cysts finally regressed.
Blotting analysis of DNA extracted from keratinizing cysts
Total cellular DNA was extracted from individual SVD-2 nude mouse cysts and analysed by blot hybridization using radiolabelled HPV-I DNA. Fig. 9(a) shows the ethidium bromidestained gel of the cyst DNAs and Fig. 9(b) shows the corresponding autoradiograph. A control lane containing 0.5 ~tg uncut pTK DNA (an 8 kb plasmid consisting of the herpes simplex virus type 1 thymidine kinase gene cloned into the BamHI site of pBR322), mixed with 10 ~g SVD-1 DNA, was included in order to estimate the extent of contamination of the HPV-1 probe with pBR322 sequences. It also served to provide a visual size marker on the gel (Fig. 9a, lane 2) . A reconstruction lane containing approximately 20 pg native uncut HPV-1 DNA was also included to provide a marker on the autoradiograph (Fig. 9b, lane 1) . There was no detectable free viral form I DNA in any of the SVD-2 cyst DNAs examined (lanes 4 to 12). Similar analysis of a further ten 3-week-old SVD-2 cysts (not shown) also failed to reveal any free HPV DNA. (Fig. 10, lanes 3 a n d 4) a l t h o u g h at a lower level t h a n in the initial inoculated cells (Fig. 10, lanes 1 a n d 2) .
DISCUSSION
Cloned polyomavirus head-to-tail dimers have been reported to be infectious towards permissive mouse cells whereas the cloned monomers were not infectious (Fried et al., 1979) . Therefore, we constructed a dimeric HPV-1/pBR322 recombinant plasmid in order to obtain large amounts of potentially infectious HPV-1 DNA (Fig. 1 b) .
Due to our inability to transform human keratinocytes with HPV-1, we used SV40 DNA as a dominant co-transfectable marker to establish a human cell line carrying HPV-I sequences. This cell line (SVD-2) was proved to be of keratinocyte origin by its ability to form keratinizing cysts in nude mice (Fig. 8b, c) . Blot hybridization analysis of SVD-2 DNA using enzymes that cleaved HPV-1 only once showed that the viral DNA was present as tandem head-to-tail repeats. Between two and four copies of the HPV-1 genome were present in SVD-2 cells, as judged from a comparison with reconstruction blots containing known amounts of the viral DNA. The detection of SstI and BglI fragments which hybridized with both HPV-I and SV40 probes showed that the HPV-1 and SV40 DNAs were closely linked (Fig. 5) . At least some of the HPV-1 DNA was integrated into cellular DNA as shown by the presence of a 35 kb BamHI fragment which hybridized solely to an HPV-1 probe. Thus, co-integration of the SV40 and HPV-1 sequences seemed likely, although we could not entirely rule out the possible existence of an extrachromosomal SV40/HPV-1 recombinant plasmid which was maintained in SVD-2 cells at a low copy number.
A low level of free HPV-I DNA was detected in cultured SVD-2 cells (Fig. 6 ). This could have arisen by the excision of complete viral genomes via homologous recombination within the high molecular weight, tandemly duplicated viral sequences, a phenomenon which has been shown to occur in other papovavirus systems (Lania et al., 1982; Basilico et al., 1979) . The discovery that SVD-2 cells formed keratinizing cysts in nude mice allowed us to test the effect of increased keratinization upon viral DNA replication. However, even after the formation of a stratified epithelium which was histologically similar to in vivo epidermis, we were nevertheless unable to detect free HPV-1 DNA in any of the cyst DNAs which were examined using the blot hybridization technique (Fig. 9 ).
There were a number of possible explanations for the lack of vegetative HPV-1 DNA replication in differentiating SVD-2 keratinocytes. For example, by comparison with other papovaviruses, HPV DNA replication may be dependent upon the presence of a functional papillomavirus replication protein. It was therefore important to establish that transcription of the HPV-1 sequences occurred in SVD-2 cells. Using the Northern blotting technique, at least three discrete HPV-1 mRNAs were detected in SVD-2 RNA, although these were present at much reduced levels relative to the SV40 mRNAs in the same RNA preparation (Fig. 7) . The low level of transcription of HPV-1 in these cells was considered not to be a result of methylation of the viral DNA, as judged by an examination of the HpaII and MspI cleavage patterns of SVD-2 DNA. We are currently carrying out further Northern blotting experiments using subgenomic HPV-1 probes in order to determine whether these transcripts originated from the proposed HPV-1 early or late gene regions (Danos et al., 1982) .
Alternatively, the absence of permissive viral DNA replication could have been due to inactivation of the HPV-1 DNA by point mutation(s) or small deletions which may have occurred either during the cloning procedures or during establishment of the cell line. We considered this possibility unlikely, however, as infection of SVD-2 cells with purified HPV-1 virions and subsequent analysis of cysts formed with these cells similarly failed to reveal significantly increased levels of free viral DNA.although we could demonstrate persistence of the free HPV-1 genomes in these cysts (Fig. 10) .
Another possibility was the inhibition of HPV-1 DNA replication due to the presence, in SVD-2 cells, of SV40 T-antigen. This protein has been shown to bind to DNA sequences at the SV40 origin of replication (Tijan, 1978) and could perhaps interfere with HPV-1 DNA replication by binding to its origin(s) of replication. This seems unlikely, however, as Danos et al. (1982) could find no sequences in the HPV-1 genome homologous to the SV40 replication origin. Moreover, our previous failure to detect HPV-1 virions in keratinizing cysts formed from normal foetal keratinocytes which had been infected with HPV-1 virions (our own unpublished results) suggested that the lack of permissive HPV-1 replication was due to some factor(s) other than the presence of SV40 T-antigen.
In conclusion, SVD-2 keratinocytes were not detectably permissive for HPV-1 replication, even under conditions in which the cells formed a granular layer which was comparable with the permissive granular cell layer of human warts. Our results therefore suggest that additional factors are required for HPV-1 to undergo permissive replication in differentiating keratinocytes.
In view of the low levels of transcription of H PV-1 sequences in SVD-2 cells, it is possible that vegetative viral DNA replication may be dependent upon increased levels of transcription of the viral genome. Alternatively, infection of a specific basal keratinocyte subtype, different to the cells used in our experiments, may be necessary to allow fully permissive HPV-1 replication. We are currently attempting to achieve enhanced levels of transcription of HPV-1 genes in SVD-2 cells in order to test the first of these possibilities, and also to establish more human keratinocyte cell lines carrying HPV-1 genomes.
